Background and Purpose-We hypothesized that retinal microvascular signs are associated with executive dysfunction, slow gait, and depressive mood, which are characteristic features of microvascular disease affecting frontal subcortical regions of the brain. Methods-In the Cardiovascular Health Study, 1744 participants (mean age, 78) free of stroke had retinal photographs and carotid ultrasound during the 1997 to 1998 visit. We examined the cross-sectional association of retinal signs with the digit-symbol substitution test (DSST) score, gait speed, the Center for Epidemiologic Studies-Depression score, and depressive mood, defined as Center for Epidemiologic Studies-Depression score Ͼ9 or antidepressant use. Results-After adjusting for potential confounders, retinal signs were associated with lower DSST score (generalized arteriolar narrowing and arteriovenous nicking), slower gait (retinopathy), and depressive mood (generalized arteriolar narrowing). A higher number of retinal signs was associated with lower DSST score (Ϫ0.76 and Ϫ2.79 points for 1 sign and Ն2 signs versus none; PϽ0.001) and slower gait (Ϫ0.009 and Ϫ0.083 m/s; Pϭ0.047), but not with the square root of Center for Epidemiologic Studies-Depression score (0.079 and Ϫ0.208; Pϭ0.072). In addition, coexistence of retinal signs (generalized arteriolar narrowing and arteriovenous nicking) and carotid atherosclerosis was associated with lower DSST score compared with either process alone (P for interaction Ͻ0.01). Notably, further adjustment for ventricular size, white matter disease, and infarcts on MRI did not attenuate the association. 
A ging is often associated with changes in frontal lobes and their subcortical connections that are characterized by executive dysfunction, slow gait, and depressive symptoms. 1 This symptom triad is associated with vascular risk factors and correlates with white matter disease and lacunar infarcts, which may disrupt connectivity along the periventricular white matter tracts. 1 Noninvasive direct visualization of the retinal microvasculature has been used to assess cerebral microvascular disease. Retinal microvascular signs were associated with cardiovascular events. 2, 3 However, only a few studies have examined the direct link between retinal signs and cognitive or physical function. In previous analyses, retinal signs were associated with cognitive impairment, 4 -6 but not with depression. 7 No data exist on retinal signs and gait speed. Although retinal signs have been proposed as surrogate markers of cerebral microvascular disease, 4 -7 it is unknown whether white matter disease and cerebral atrophy on MRI mediate the association between retinal signs and function. Moreover, carotid intimamedia thickness (IMT), a marker of macrovascular disease, was associated with cognitive decline, 8 slow gait, 9 and depression. 10 Whether both microvascular and macrovascular diseases are associated with worse functional outcome than either process is unclear. Studying the role of microvascular and macrovascular diseases and their potential interaction with the 3 symptoms of frontal subcortical dysfunction will provide further insights into their common vascular origin.
This study expands the previous findings from Cardiovascular Health Study (CHS) 4, 7 by examining the cross-sectional association between retinal signs and executive function, gait speed, and depressive mood, by exploring the interaction between retinal signs and carotid IMT on each outcome, and by testing whether ventricular size, white matter disease, and infarcts on MRI mediate the association between retinal signs and each outcome.
Patients and Methods

Study Population
The CHS is a population-based cohort study of cardiovascular disease in adults aged 65 years and older. 11 The details of study sample and design are described elsewhere. 12 Originally, 5201 adults who were 65 years of age or older were recruited in 1989 to 1990 and an additional 687 eligible black adults were recruited in 1992 to 1993. For this study, 2210 participants who were free of stroke and had available data derived from grading of retinal photography (any of retinopathy, arteriovenous nicking, focal arteriolar narrowing, and retinal vascular caliber) during the 1997 to 1998 visit were eligible. After excluding 466 with missing information on potential confounders and carotid IMT, 1744 were included in the analysis. Because not every participant had complete data on each retinal sign, sample size varied according to individual retinal signs examined. Institutional Review Board approval was obtained at all CHS sites, Beth Israel Deaconess Medical Center, and Hebrew Senior Life. Informed consent was obtained from all participants at entry and at periodic intervals.
Retinal Photography
The procedure and interpretation have been previously reported in detail. 13 During the 1997 to 1998 visit, retinal photographs were taken of 1 randomly selected eye after 5 minutes of dark adaptation and evaluated by trained graders who were masked to subject identity, according to a standardized protocol for qualitative (retinopathy, arteriovenous nicking, and focal arteriolar narrowing), and quantitative signs (retinal vascular caliber). Retinopathy was defined as the definite or probable presence of any of the following lesions: retinal microaneurysms, retinal hemorrhages, soft exudates, hard exudates, intraretinal microvascular abnormalities, venous beading, new vessels at the disc or elsewhere, vitreous hemorrhage, disk swelling, and laser photocoagulation scars. Arteriovenous nicking and focal arteriolar narrowing were defined as present if they were graded definite or probable. For the evaluation of retinal vascular caliber, photographs were digitized with a high-resolution scanner, and the diameters of all arterioles and venules coursing through an area one-half to 1 disc in diameter from the optic disc margin were measured on a computer monitor. The results from this image analysis were summarized as central retinal arteriolar equivalents (CRAE) and central retinal venular equivalents (CRVE) using formulas by Knudtson et al 14 In addition, the presence of depressive mood was defined as a CES-D score Ͼ9, which corresponds to the highest quartile of CES-D scores in the CHS, 7 or the use of antidepressant agent.
Assessment of Vascular Risk Factors and Brain MRI
Questionnaires (1997-1998 visit) were used to obtain information on sociodemographic status, alcohol consumption, cigarette smoking, blocks walked per week, and medication use. Body mass index (kg/m 2 ) was calculated as body weight in kilograms divided by height in meters squared (1996 -1997 visit) . Blood chemistries (1996 -1997 visit) included total cholesterol (mg/dL), fasting glucose (mg/dL), creatinine (mg/dL), and C-reactive protein (mg/L). Blood pressure (mm Hg) was measured according to a standardized protocol 15 and hypertension was defined as systolic blood pressure Ն140 mm Hg or diastolic blood pressure Ն90 mm Hg or the use of antihypertensive medications. Diabetes was defined as treatment with either oral hypoglycemic agents or insulin during the year before the examination, or having a fasting glucose Ն126 mg/dL for those not using any hypoglycemic agents in the past year, according to the American Diabetes Association criteria. 16 Carotid ultrasound (1998 -1999 visit) was used to measure the IMT and to assess the presence of atherosclerotic plaque in the common and internal carotid arteries. 17 We used internal carotid IMT (mm), which was calculated as the mean value of the measurements from right and left sides on 3 different scan planes. Prevalent heart disease was defined as a cumulative history of coronary heart disease, myocardial infarction, and congestive heart failure, which were ascertained up to the 1997 to 1998 visit. 18 Brain MRI was performed in 1997 to 1999, and the scanning protocol included sagittal T1-weighted localizer images and axial T1, spin-density, and T2-weighted images. Ventricular, white matter, and sulcal grades were estimated semiquantitatively using a 10-point system from 0 to 9 (most abnormal) by neuroradiologists who were blinded to any clinical information. An MRI-defined infarct was an area of abnormal signal intensity 3 mm in size or larger in a vascular distribution and without mass effect.
Statistical Analysis
Quantitative retinal signs were mainly analyzed as continuous variables and qualitative retinal signs were analyzed as binary variables. The association between retinal signs and vascular risk factors was assessed using linear and logistic regression to adjust for age, gender, and race.
In the main analysis, we used linear regression to model each of the DSST score, gait speed, and square root of CES-D score as a function of a retinal sign and covariates, and we used logistic regression to model the probability of depressive mood. Standardized coefficients were computed to compare the strength of associations between retinal signs and each outcome. Depressive symptoms were analyzed in 2 different ways: (1) square root of CES-D score among participants not using antidepressant medications, because CES-D score may not accurately represent the burden of depressive symptoms in these participants; and (2) the presence of depressive mood, as defined, in all participants. Of those with data on all 5 retinal signs (nϭ1047), we examined whether the burden of retinal microvascular changes was associated with each outcome. Random-effects models and robust variance estimator were used to account for potential clustering within the four CHS sites. Covariates were chosen for each outcome after considering potential biological mechanisms and examining the change in coefficients for retinal signs by inclusion of the following confounders: age, gender, white race, years of education, alcohol consumption, current smoking, blocks walked per week, body mass index, prevalent heart disease, systolic blood pressure, diabetes status (normal/impaired fasting glucose/diabetes), serum total cholesterol, creatinine, C-reactive protein, natural logarithm of carotid IMT, antihypertensive mediation, and lipid-lowering medication. Blocks walked per week were not used in the analysis of gait speed, because it could be affected by gait speed. However, the adjustment for blocks walked per week did not change the results. In the analyses of retinal vascular caliber, both CRAE and CRVE were included in the same model, because this approach produces less biased results. 19 The second analysis was to examine an interaction between individual retinal signs and carotid IMT on each of 3 functional outcomes by including a product term between the retinal sign and natural logarithm of carotid IMT in the model. The third analysis was to test whether cerebral microvascular disease mediates the association between retinal signs and functional outcomes by comparing the effect estimates with or without adjusting for ventricular size grade, white matter grade (after square root transformation), and infarcts (yes/no) in 1136 participants with available MRI data.
We conducted 3 sensitivity analyses. First, we restricted the analyses to 1164 participants without diabetes or prevalent heart disease, because they are strong predictors of functional impairment. Second, we repeated the analysis for each retinal sign after performing multiple imputation by chained equations. 20 Assuming that we have sufficient information to predict "missingness," 10 imputed datasets were created using imputation models that used all available variables in the dataset. The main analysis was performed in each completely imputed dataset and combined to generate a single set of estimates. Finally, we repeated analyses for current symptoms of depression, defined by CES-D score Ͼ9 regardless of antidepressant treatment, because those with CES-D score Յ9 on treatment may indicate well-controlled depression. All analyses were performed with Stata SE version 11 (StataCorp) and a 2-sided PϽ0.05 was considered statistically significant.
Results
The mean age was 78.1 years (SD, 4.1), and the proportions of males and of blacks were 39.8% and 14.6%, respectively. The mean of quantitative retinal signs was 166 m (SD, 19) for CRAE and 191 m (SD, 18) for CRVE. The prevalence of qualitative retinal signs ranged from 7.7% to 10.3% (Supplemental Table S1 , http://stroke.ahajournals.org). Of 1047 participants with complete data on retinal signs, 30.8% had 1 retinal sign and 7.3% had at least 2 signs. After adjusting for age, gender, and race, each retinal sign was associated with different vascular risk factors (Supplemental Table S1 ).
Retinal Microvascular Signs and Functional Outcomes
The mean DSST score was 41. (Table 1) . When the depressive mood was modeled, only generalized arteriolar narrowing was significantly associated (Supplemental Table S2 , http://stroke.ahajournals.org).
When the burden of retinal microvascular changes was summarized as total number of retinal signs, a higher number was associated with lower DSST score and slower gait speed, but not with the square root of CES-D score (Figure) . The burden of retinal signs was more strongly associated with gait speed (standardized coefficients: Ϫ0.019 for 1 retinal sign and Ϫ0.095 for Ն2 signs) than with the other outcomes (Ϫ0.027 and Ϫ0.056 for the DSST score; 0.033 and Ϫ0.049 for the square root of CES-D score).
Interaction Between Retinal Microvascular Signs and Carotid IMT
For the DSST score, a statistically significant interaction with the natural logarithm of carotid IMT was found for generalized arteriolar narrowing and arteriovenous nicking ( Table 2) . For gait speed and depressive mood, none of the interactions was statistically significant (Table 2) .
Retinal Microvascular Signs, Brain MRI Findings, and Functional Outcomes
In 1136 participants with available MRI data, the correlation between each retinal sign and white matter disease grade was weak (Ϫ0.0325 for CRAE; Ϫ0.0315 for CRVE; 0.0188 for retinopathy; 0.0734 for arteriovenous nicking; and 0.0676 for focal arteriolar narrowing). Additional adjustment for ventricular size, white matter grade, and the presence of infarcts did not consistently attenuate the association between retinal signs and functional outcomes (Supplemental Table S3 , http://stroke.ahajournals.org). The association was only modestly attenuated for arteriovenous nicking and focal arteriolar narrowing with the DSST score and for generalized venular widening with gait speed.
Sensitivity Analysis
The findings were similar in participants without diabetes or prevalent heart disease (data not shown). Multiple imputation did not change the results (data not shown), except that the association between generalized arteriolar narrowing and DSST score became weaker after imputation (after versus before imputation: Ϫ0.32 versus Ϫ1.26). The analysis for current symptoms of depression yielded a similar, but somewhat attenuated, relation to generalized arteriolar narrowing (adjusted OR, 1.53; 95% CI, 0.98 -2.39; Pϭ0.061).
Discussion
We found that retinal microvascular signs are associated with poor executive function and slow gait, and possibly with depressive mood, suggesting a common process involving small vessels. The association was stronger with gait speed than with executive function or depressive mood. The coexistence of retinal signs, reflecting damage from long-term hypertension, and increased carotid IMT was associated with worse executive function compared with either process alone. Notably, adjusting for cerebral microvascular disease on MRI failed to attenuate the association between retinal signs and functional outcomes. Our findings make valuable contributions in understanding the complex mechanisms involving the retinal and cerebral microvasculature and macrovascular disease in the development of clinical features of frontal subcortical dysfunction.
Retinal Signs as Markers for Different Insults on the Microvasculature
Evidence suggests that retinal signs may represent pathological changes in response to vascular risk factors, such as hypertension, hyperglycemia, inflammation, endothelial dysfunction, and obesity. 21 In particular, generalized arteriolar narrowing and arteriovenous nicking may reflect persistent arteriolar damage from long-term hypertension, whereas CES-D indicates Center for Epidemiologic Studies-Depression scale; CI, confidence interval; DSST, digit symbol substitution test. *Adjusted for age, gender, race, current smoking, heart disease systolic blood pressure, natural logarithm of carotid intima-media thickness, and C-reactive protein (for all 3 outcomes) and additionally for years of education, diabetes status (for the DSST score and gait speed), blocks walked per week (for the DSST and CES-D scores), alcohol consumption (for the DSST score), and body mass index (for gait speed). Total number of retinal signs and functional outcomes (A, Executive function; B, gait speed; and C, depressive symptoms). *Adjusted means (square) and 95% confidence intervals (vertical bars) were presented. Adjusted variables include age, gender, race, current smoking, heart disease systolic blood pressure, natural logarithm of carotid intima-media thickness, and C-reactive protein (for all 3 outcomes) and also for years of education, diabetes status (for the DSST score and gait speed), blocks walked per week (for the DSST and CES-D scores), alcohol consumption (for the DSST score), and body mass index (for gait speed). CES-D, the Center for Epidemiologic Studies-Depression scale; DSST, digit symbol substitution test.
focal arteriolar narrowing and, in nondiabetic persons, retinal hemorrhage, microaneurysms, and cotton wool spots may reflect changes from transient hypertension. 22 In our study, retinal signs were variously associated with elevated systolic blood pressure (most retinal signs), diabetes (retinopathy), current smoking, and inflammation (generalized venular widening). This suggests that various retinal signs might represent small vessel damage from different vascular insults.
Evidence on Retinal Microvascular Signs and Functional Outcomes
Our results showed that generalized arteriolar narrowing and arteriovenous nicking, which are markers of long-term hypertension damage to the retinal microvasculature, as well as the burden of retinal signs were associated with lower DSST scores. This probably reflects the recently discovered harmful effect of long-term hypertension on executive function 23 and is consistent with the previous findings. 4 -6 For gait speed, we found that slow gait was associated with retinopathy, which reflects microvascular damage from diabetes and elevated blood pressure, and with the overall burden of retinal signs. Generalized arteriolar narrowing and generalized venular widening also seemed to be associated. A previous study found that the impairments in locomotion, equilibrium, and gait ignition were associated with the progression of white matter disease. 24 We speculate that these retinal signs may be related to gait speed via white matter disease and lacunar infarcts. Unlike executive function and gait speed, there was no association between most retinal signs, the burden of retinal signs, and late-life depressive mood. Only the generalized arteriolar narrowing was associated with depressive mood. In CHS, small basal ganglia lesions and cortical white matter disease were associated with persistent depressive symptoms, whereas subcortical white matter disease was associated with worsening of depressive symptoms. 25 Despite such associations, retinal signs were not associated with depressive symptoms in a previous CHS analysis. 7 Although the difference in defining the outcome (including the use of antidepressant medication) and generalized arteriolar narrowing (Ͻ10 th percentile of CRAE instead of Ͻ20 th percentile) CES-D indicates the Center for Epidemiologic Studies-Depression scale; CI, confidence interval; DSST, digit symbol substitution test; IMT, intima-media thickness. *Adjusted for age, gender, race, current smoking, heart disease systolic blood pressure, and C-reactive protein (for all 3 outcomes) and additionally for years of education, diabetes status (for the DSST score and gait speed), blocks walked per week (for the DSST and CES-D scores), alcohol consumption (for the DSST score), and body mass index (for gait speed).
may explain the significant association between generalized arteriolar narrowing and depressive mood in our study, the overall evidence for retinal microvascular changes and mood is weak.
Effects of Microvascular Versus Macrovascular Disease on Functional Outcomes
Our results expand the existing evidence on subclinical vascular disease and function by attempting to evaluate microvascular and macrovascular disease separately. We found that both retinal signs and carotid IMT were independently associated with executive dysfunction. When both microvascular and macrovascular diseases were present, the DSST score was lower than the expected score that could be attributed to each process. It is not fully understood how carotid atherosclerosis is associated with cognitive function. Potential explanations include residual confounding by vascular risk factors, cerebral microvascular disease, and regional brain perfusion. 26 Our results suggest that retinal signs may represent hypertension-related damage to microvasculature that is distinct from atherosclerosis, and that 2 processes may contribute synergistically to executive dysfunction. With respect to gait speed and CES-D score, there was no significant difference in the association of carotid IMT with the outcome among participants with retinal signs compared to participants without. It is not clear why a significant interaction was found only for executive function. Further research is needed to understand the relation between the 2 processes in the development of functional impairments.
Retinal Signs As Surrogate Markers of Cerebral Microvascular Disease
An intriguing question was whether the association between retinal signs and functional outcome was mediated by cerebral microvascular disease on MRI. If retinal signs were just surrogate markers for cerebral microvascular disease, then adjusting for MRI findings would attenuate the association between retinal signs and outcome, assuming no unmeasured confounding between the intermediate variable and the outcome. 27 There was no such indication in our results. Our findings are consistent with the viewpoint that retinal signs may not be pure surrogate markers of prevalent cerebral microvascular disease. 28 The evidence from population-based studies does not provide a consistent picture of the association between retinal signs and MRI findings, partly because of inaccurate measurements, different stages of retinal arteriolar change from long-term hypertension (ie, retinal arteriolar caliber decreases initially in response to elevated blood pressure but dilates at later stage), and residual confounding. 28 However, more recent data from the Atherosclerosis Risk in Communities Study showed that retinal signs predicted incident lacunar infarcts, 29 incident and worsening of white matter disease, 30 and cerebral atrophy over the course of a 10-year period. 31 This suggests that retinal signs may contain additional information that is not captured by prevalent abnormalities on MRI. Retinal signs may be an indication of early structural alterations in the cerebral microvasculature that precede vasogenic edema and actual brain tissue damage. 30 
Limitations
Our study has several limitations. First, because this is a cross-sectional study, we were not able to determine whether retinal signs developed before or concurrently with functional impairments. Second, participants with gradable retinal photography were generally healthier than those without. 22 Therefore, our results are only generalizable to those who are similar to our study sample. Third, there were Ϸ20% of participants who were not included in our main analyses because of missing information on potential confounders. To examine the impact of those with missing information, we performed multiple imputations and found little difference in our results. Nevertheless, this is only valid under the assumption of missing at random. Fourth, unmeasured or residual confounding may explain the association between retinal signs and functional outcomes. The association between retinal signs and gait speed could result from poor vision that was not controlled for in our analysis. Fifth, low prevalence of retinal signs did not allow sufficient power to detect some of meaningful effect sizes. Last, although we started with a hypothesis that retinal signs would be associated with functional outcome, we did not hypothesize about a particular sign being related to a particular outcome. Given the number of tests performed, caution is needed in relating the findings on individual signs to different mechanisms of injury.
Conclusions
Our results suggest that retinal signs may represent microvascular damage from various vascular insults, including hypertension, inflammation, smoking, and diabetes, and they are associated with executive dysfunction and slow gait, and possibly with depressive mood, independently of carotid atherosclerosis and cerebral microvascular disease on MRI. In addition, retinal signs and carotid atherosclerosis may synergistically contribute to executive dysfunction. Although this study did not aim to evaluate the added value of retinal photography as a screening tool in the clinical setting, a high burden of retinal signs may indicate higher risk of executive dysfunction and slow gait, even in the absence of diabetes and heart disease. Future research should examine retinal signs as predictors of future disability, the pathophysiologic role of microvascular and macrovascular processes, and the relation between microvascular changes in different vascular beds and functional outcomes.
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